Background. The LAP07 randomized trial calls into question the role of radiation therapy (RT) in the modern treatment of locally advanced pancreatic cancer (LAPC). However, advances in chemotherapy and RT limit application of the LAP07 results to current clinical practice. Here we utilize the National Cancer Database (NCDB) to evaluate the effects of RT in patients receiving chemotherapy for LAPC. Methods. Using the NCDB, patients with American Joint Committee on Cancer (AJCC) clinical stage T2-4, N0-1, M0 adenocarcinoma of the pancreas from 2004 to 2014 were analyzed. Patients were stratified into chemotherapy only (CT) and chemoradiation (CRT) cohorts. Patients undergoing definitive RT, defined as at least 20 fractions or C 5 Gy per fraction [i.e., stereotactic body radiation therapy (SBRT)] were included in the CRT cohort. Propensity-score matching (PSM) and landmark analysis were used to address selection bias and lead-time bias, respectively. Results. 13,004 patients met inclusion criteria, of whom 7034 (54%) received CT and 5970 (46%) received CRT. After PSM, 5215 patients remained in each cohort. The CRT cohort demonstrated better overall survival (OS) compared with CT alone, with median and 1-year OS of 12 versus 10 months, and 50% and 41%, respectively (p \ 0.001). On multivariable analysis, CRT was associated with superior OS with hazard ratio of 0.79 (95% confidence interval 0.76-0.83) compared with CT alone. Conclusions. In our series, addition of definitive radiotherapy to CT was associated with better OS when compared with CT alone in LAPC. Definitive radiotherapy should remain a treatment option for LAPC, but optimal selection criteria remain unclear.
Pancreatic adenocarcinoma is an aggressive malignancy and represents the fourth leading cause of cancer death in the USA. 1 While radical resection with pancreatoduodenectomy remains the only curative treatment, only 10-12% of patients are diagnosed with potentially resectable disease, and just a portion of these patients achieve margin-negative (R0) resection. [2] [3] [4] For the remaining patients diagnosed with locally advanced, unresectable disease, median survival is a dismal 12-15 months, despite aggressive multidisciplinary care. 1, 2 Historical randomized data by the Gastrointestinal Tumor Study Group established the role of multimodality therapy with radiation therapy (RT) and chemotherapy for locally advanced tumors. 5, 6 The recently published LAP-07 trial challenged the role of RT; addition of RT improved local control without demonstrable benefits in overall survival. 7 However, the LAP-07 trial utilized single-agent gemcitabine chemotherapy with conventionally fractionated RT. Recent randomized data demonstrate that, compared with gemcitabine alone, multiagent chemotherapy prolongs survival in advanced pancreatic cancer. 8, 9 Electronic supplementary material The online version of this article (https://doi.org/10.1245/s10434-017-6322-4) contains supplementary material, which is available to authorized users.
Additionally, stereotactic body radiation therapy (SBRT) has recently been utilized by many institutions in treatment of LAPC, with emerging data suggesting greater local control, decreased toxicity, and better overall survival compared with conventionally fractionated RT. [10] [11] [12] [13] [14] To date, there have been no large, phase III studies investigating the benefit of modern radiation therapy in the setting of multiagent systemic therapy. Here we utilized the National Cancer Database (NCDB) to investigate and compare outcomes in patients with LAPC treated with chemotherapy with and without definitive radiation therapy.
MATERIALS AND METHODS

Patient Cohorts
The National Cancer Database (NCDB) registry was queried for patients diagnosed between 2004 and 2014 with pancreatic cancer. The period of 2004-2014 was chosen to include patients who received both single-and multiagent chemotherapy to compare the effects of RT among these two groups of patients. The NCDB is a joint program of the Commission on Cancer (CoC) of the American College of Surgeons and the American Cancer Society which includes approximately 70% of all newly diagnosed malignancies in the USA. 15, 16 The database contains parameters not included in other large national registries, such as detailed radiotherapy information regarding treatment area, radiation dose, and number of radiation fractions. Since no patient or physician identifiers are provided, this study was granted exempt status by the Emory Institutional Review Board (IRB).
Only patients whose first and only cancer diagnosis was pancreatic adenocarcinoma were analyzed. Those patients with histologically confirmed American Joint Committee on Cancer (AJCC) clinical tumor stage 2-4 and nodal stage 0-1 were included. Only tumors in the pancreatic head and/ or body were included; tumors in the tail of the pancreas were excluded, as these are typically treated with distal pancreatectomy and may have dissimilar outcomes. 17 Patients were included if and only if they were documented to receive chemotherapy and did not receive radical resection. All cases with metastatic disease were excluded.
Patients were grouped into the chemoradiation cohort based on whether they were documented to have received definitive RT. Both conventionally fractionated regimens of C 20 radiation fractions and SBRT regimens of C 5 Gy per fraction were included; brachytherapy was excluded. Patient demographics, tumor characteristics, and treatment details were also ascertained from the NCDB, including age at diagnosis, gender, AJCC clinical tumor-nodemetastasis (TNM) staging, tumor size (largest axial dimension),
Charlson-Deyo comorbidity score, chemotherapy use, and year of diagnosis.
Statistical Analyses
Descriptive statistics were compiled to summarize patient, disease, and treatment characteristics. Associations of the patient and other cancer-related variables were tested by Pearson's Chi square test (v 2 ) and analysis of variance (ANOVA), for categorical and numeric variables, respectively. Overall survival was defined as time from diagnosis to death or last follow-up, where those alive were censored at last follow-up. Univariate association of patient or disease characteristics with overall survival was assessed using the log-rank test. Univariate and multivariable Cox proportional hazards regression models were fit for overall survival. The collinearity among all baseline patients and disease characteristics was verified by calculating variance inflation factors (VIF). Variables with VIF [ 10 were not considered in multivariable analysis. Statistical analyses were performed using SAS version 9.4 with software macros generated at Winship Cancer Institute's Department of Biostatistics and Bioinformatics. 18 To minimize treatment selection bias, a propensity-score matching method was used. The covariates chosen were ones found to be significant on multivariable analysis or ones thought to be clinically relevent. Patients from each study cohort were matched to each other at 1:1 ratio based on the propensity score using a greedy 5-1 digit match algorithm; after matching, the balance of covariate between two cohorts was evaluated by the standardized differences and a value \ 0.1 was considered as negligible imbalance. 19 The effects were estimated in the matched sample using a Cox model with a robust variance estimator for overall survival. 20 To account for possible guarantee-time bias, a conditional landmark analysis was employed. 21 The purpose of the landmark analysis was to adjust for possible bias from excluding patients in the CRT cohort if they had died prior to receiving radiation therapy and only selecting for patients who lived long enough to receive RT. The landmark time was chosen to be the median time to starting radiation therapy from date of diagnosis, which was 54 days. Accordingly, all patients who died prior to the landmark time were excluded from analysis in the guarantee-time bias.
RESULTS
A total of 17,610 patients with pancreatic head or body ductal adenocarcinoma, who met inclusion criteria were Table 1 . Most notably, the CRT cohort contained a higher proportion of T4 tumors (52.8% vs. 49.1%), smaller tumor size (mean 3.9 vs. 4.1 cm), higher proportion of node-negative patients (63.1% vs. 60.0%), higher Fig. 1a and demonstrate a 2-year OS of 13.4% versus 15.5% for the CT and CRT groups, respectively (p \ 0.001).
Radiation Therapy
Median time to receipt of RT from diagnosis for the CRT cohort was 54 days, which was used as the conditional landmark time to adjust for guarantee-time bias. The median follow-up time was 22.6 months. Of the 7013 patients who received CRT, 435 (6.2%) patients underwent SBRT dosing, and 6578 (93.8%) patients underwent conventionally fractionated radiation dosing. For the CRT cohort, the median fractionated RT dose was 50.4 Gy in 28 fractions (5-95th percentile: 1.6-2.1 Gy in 24-33 fractions) and median SBRT dose was 24 Gy in 3 fractions (5-95th percentile: 5-25 Gy per fraction in 1-5 fractions).
Multivariable Analysis
On multivariable analysis (Table 2) 
Propensity-Matched Outcomes
Following propensity-score matching, a total of 10,430 patients remained, with 5215 patients in each cohort. Table 3 displays the propensity-matched patient and disease characteristics for the following variables which met significance threshold on univariate analysis: patient age, AJCC clinical tumor and nodal stages, tumor size, Charlson-Deyo score, year of diagnosis, insurance status, chemotherapy type, and treatment facility type. All standardized differences for patient and disease characteristics were \ 0.1, indicating adequate propensity matching. After propensity-score matching, CRT continued to be associated with significantly longer OS compared with CT alone, with median OS of 12.3 (95% CI 21.1-12.6) months versus 9.8 (95% CI 9.6-10.1) months and 2-year OS rates of 16.3% (15.3-17.3%) versus 12.9% (12.0-13.9%), respectively (p \ 0.001). The propensity-matched KaplanMeier curves are depicted in Fig. 1b . significantly favored over CT. For CT type, both singleagent and multiagent chemotherapy use strongly favored CRT (HR 1.27, 95% CI 1.21-1.33) and 1.21 (95% CI 1.15-1.28), respectively. Other than those with unknown chemotherapy agent, all subgroups of patients appeared to benefit from CRT over CT. When analysis was restricted to patients with T4 disease, overall survival was still longer in the CRT arm (HR 1.19, 95% CI 1.14-1.26).
Subset Analysis
DISCUSSION
The objective of this study was to compare outcomes in patients with locally advanced, unresectable pancreatic adenocarcinoma treated with CT with or without RT. Our data demonstrate that patients treated with CRT demonstrated a significant OS benefit over those who received chemotherapy alone. The survival benefit remained after propensity matching for key patient and disease characteristics known to impact prognosis, as well as those independently found on our multivariable analysis to affect survival. Additionally, our data demonstrate a significant survival advantage for CRT despite adjustment for possible guarantee-time bias for those patients receiving radiation. Among the patients who received CRT in this analysis, those who received SBRT appeared to have the longest overall survival. Our series represents the first to directly investigate the effects of RT combined with chemotherapy in LAPC treated with both modern radiation and chemotherapy. We included patients treated with SBRT in addition to chemotherapy in our analysis given the increasing popularity of this treatment. While the SBRT subset of patients appeared to perform most favorably, inherent differences in tumor anatomy in those patients eligible for SBRT should be taken into consideration. The historic GITSG study, which demonstrated a survival benefit when RT was added to chemotherapy, utilized a split-course conventionally fractionated RT regimen that is rarely utilized today. 6 The ECOG-4201 trial also demonstrated a survival benefit with single-agent gemcitabine and RT. 22 Similarly, two recently published studies, LAP07 and the French FFCD-SFRO, both failed to demonstrate a survival benefit with RT, with single-agent gemcitabine and concurrent fluorouracil-based chemotherapy with conventionally fractionated radiation. 7, 23 Since the inception of these studies, landmark trials have demonstrated that FOLFIRINOX and gemcitabine plus nab-paclitaxel are superior to single-agent chemotherapy, 8, 9 and these combination regimens have been rapidly adopted. These two studies also may have lacked the statistical power to detect a survival difference, as the subset of patients who received single-agent chemotherapy in our study also appeared to benefit from addition of RT. In our series, over 4000 patients received RT with single-agent chemotherapy as compared with 59 and 109 patients in the French FFCD-SFRO and LAP07 studies, respectively. 7, 23 Additionally, recent retrospective evidence also suggests that SBRT may provide superior overall survival compared with conventionally fractionated radiation.
14 Thus, application of the randomized data to current clinical practice is limited, and the true benefit of combined modality therapy in the setting of optimized chemotherapy and radiotherapy may be underestimated.
The LAP07 study demonstrated that progression-free survival was prolonged with CRT without a significant impact on overall survival. 7 Progression was more often distant (60% of recurrences) in the CRT arm and more often locoregional (46% of recurrences) in the CT arm. It is reasonable to hypothesize that improved control of subclinical systemic disease with multiagent CT would further improve progression-free survival in the chemoradiation arm and possibly translate to an overall survival advantage. Median overall survival in LAP07 was 12.8 months, which was similar to the CRT group (12.3 months) but better than the CT group (9.8 months) in the current study. In the current study, Charlson-Deyo score was 0 in 70% of patients compared with WHO PS 0-1 in 90% of patients in LAP07. Furthermore, the exclusion of any surgical resection in this study likely excludes a small proportion of patients who initially presented with advanced disease but were able to undergo resection after induction therapy; median survival of patients undergoing surgery (n = 18) in LAP07 was 30.9 months.
This study has limitations inherent to retrospective studies. The most significant is potential selection bias towards healthier patients to receive CRT. We attempted to minimize the possibility of this type of bias through propensity-score matching of patients, specifically in terms of their age, comorbidity score, and tumor characteristics. While we recognize that propensity matching cannot perfectly nullify selection bias, we have taken maximal efforts to minimize its effects. Additional confounding factors may also favor the radiation cohort, due to variables that the NCDB does not provide, such as tumor-specific markers and the tumor's spatial relationship to patient anatomy. Thus, we believe that such selection bias cannot truly be eliminated short of prospective randomized trials. Also possible is guarantee-time bias, where the time between diagnosis and RT is awarded to the CRT cohort without a true lengthening of survival time following treatment. We employed a conditional landmark analysis to minimize possible guarantee-time bias for the cohort of patients receiving RT. Our results indicated that, despite accounting for these two types of bias, the CRT cohort demonstrated significantly longer survival than the patients who received CT alone.
Additional limitations to this study are inherent to all studies using the NCDB. Most prominently, the NCDB does not contain details regarding the specific CT agent used, dose, or number of cycles administered. The heterogeneity of chemotherapy and radiation therapy used should be considered. In an effort to account for varying CT used, patients were propensity matched for their year of treatment, which we used as a surrogate for the dominant chemotherapy used at that time. Additionally, data regarding disease progression, recurrence patterns, toxicity, and cause of death are not captured by the NCDB, which represents a further limitation. Despite these limitations, this study represents the real practice-based outcomes of the majority of patients treated in the USA outside of the clinical trial setting. To our knowledge, our series is the largest of its kind and is currently the best data outside of large, multicenter randomized trials, which are unlikely to be conducted to answer this particular question. In the absence of such data, our study suggests that patients should be evaluated in a multidisciplinary setting and that radiation therapy, particularly SBRT, be discussed and strongly considered.
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